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In situ Magnetic Resonance Imaging study of the impregnation of γ-alumina pellets
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SPI enables studying catalyst preparation in the presence of paramagnetic ions. The transport rate of ions in the pellet depends non-linearly on the concentration. A minimum Ni 2+ concentration is required to quickly reach uniform ion distribution.

Introduction

The removal of sulfur from diesel fractions is receiving increasing interest due to the environmental legislation enforcing the reduction of sulfur content in fuel. Since 2009, regulations required the sulfur content in diesel fractions to be lower than 10 ppm in Europe [1] and the "ultra low sulfur diesel" objective is now being considered. In order to face those demanding, environmental standards, the development of more active and selective hydrodesulfurization (HDS) catalysts is desired, to improve fuel quality without negative impact on the purification cost. Due to its high specific surface area, mechanical, chemical and thermal stability [START_REF] Misra | Industrial Alumina Catalysts[END_REF], the aluminum oxide (γ-Al 2 O 3 ), also called γ-alumina, is widely used as a solid support for catalysts in numerous industrial processes. Cobalt or nickel-promoted molybdenum sulfide catalysts are used as the active phase, called CoMoS or NiMoS, in hydrotreatment processes, such as HDS, due to their high activity and stability. The CoMoS and NiMoS phases are obtained by sulfidation of the oxide catalysts. However, when supported on -alumina, Ni or Co-promoted MoS 2 catalysts are composed of several other less active species such as unpromoted MoS 2 particles, NiS or Co 9 S 8 clusters, Ni 2+ or Co 2+ in Al 2 O 3 (nickel or cobalt aluminates, respectively), and Mo oxysulfides [START_REF] Topsøe | [END_REF][START_REF] Toulhoat | Catalysis by Transition Metal Sulphides from Molecular Theory to Industrial Application[END_REF]. The preparation method is crucial to improve the promotion of Mo and decrease the formation of the unpromoted species. Effort has been put into investigating the efficiency of the catalysis [START_REF] Broderick | [END_REF][6][7] and analyzing the factors influencing the catalyst preparation, such as pH [8,9] or the presence of complexing agents [10]. Highly active catalysts were obtained by modifying the sulfidation procedure [11], using carriers other than alumina [12][13][14], employing various precursors, such as thiometallates [15], carbonyl complexes [16], heteropolyanions [17] or even additives such as chelating agents [18,19]. Furthermore, the physicochemical properties of the γ-alumina support itself were studied [20], as well as those of the active species during the impregnation process [21][22][23].

Among the experimental techniques that can be used to characterize the impregnation process, Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) provide a unique, nondestructive method of studying materials and processes in situ. The phenomenon of magnetic resonance (MR) is based on the presence of nuclear isotopes, such as 1 H, 13 C, 27 Al, which respond to a strong, external magnetic field [START_REF] Keeler | Understanding NMR Spectroscopy[END_REF]. The response is dependent on a number of parameters, allowing the observer to distinguish between the nuclei experiencing microenvironments different in terms of chemical composition or mobility, via the means of chemical shift or relaxation phenomena, respectively [START_REF] Keeler | Understanding NMR Spectroscopy[END_REF]. Thus, placing an (impregnated) alumina support in a magnetic field, it is possible to use the atomic nuclei present in the catalyst components themselves for the study. The nondestructive aspect of the method permits taking consecutive measurements to investigate dynamic processes, such as ion diffusion within an alumina extrudate. NMR spectroscopy, especially under the conditions of Magic Angle Spinning, has been extensively used to study catalysts and catalysis [START_REF] Ivanova | [END_REF][26][27], offering solutions for in situ observation in batch-like [28] and flow [29] conditions. Magnetic Resonance 1 H Imaging ( 1 H MRI) is becoming an increasingly popular technique, allowing for 2-and 3-dimensional imaging of the liquid components within the catalyst in order to not only identify the molecular species but also to map out their positions in the solid support. Thus the impregnation of the catalyst support with metal ions [30,31], as well as the flow of liquid/gas in a working trickle-bed catalyst [32], can be visualized in situ. Simultaneously, attempts have been made to analyze the structure of the alumina support itself, with the use of multinuclear solid-state MRI [33].

In the present study, we investigate the first step of the catalyst preparation: the impregnation of the alumina support with a metal salt solution. In order to ensure efficient HDS, the active phase should be homogeneously distributed throughout the pellet volume. Simultaneously, factors such as the time necessary for obtaining homogeneous ion distribution and the ion concentration that can be introduced into the pellet porosity come into play. In this article we propose an MRI-based method for estimating the first of those factors at a range of Ni 2+ concentrations. The aim is not to quantitatively describe the concentration profile during the impregnation, but to discuss the influence of the solution concentration on the time required for reaching a uniform ion distribution. Due to water 1 H interactions with the porous material surface, as well as the traces of paramagnetic elements present in the alumina, the transverse relaxation time (T 2 ) of pure water inside the alumina is reduced to values of the order of a couple of milliseconds. Such a short T 2 excludes the possibility of using the widely-spread spin echo based sequences [30,31,[34][35][36][37], which usually require a couple of milliseconds of preparation time and gradient encoding. A similar problem existing in the field of medical imaging, special spin echo sequences, using ultrashort echo time [38] or even zero echo time [39] have been designed, exploiting radial sampling schemes to reduce the necessary echo time. A considerable drawback, in case of studies of dynamic processes, relies in the an increased number of acquisitions [38], which leads to longer experimental times. There also exist pulse sequences designed to study paramagnetic samples with MRI, the most notable being continuous wave MRI [40,41] and Constant-Time Imaging, CTI [42,43], also known as Single Point Imaging (SPI). Both have been successfully used on bentonite [40,43], a clay where transverse relaxation times of the order of milliseconds can be expected, due to the presence of paramagnetic nuclei. Because continuous wave MRI requires considerable hardware adjustments, we propose SPI as a tool to follow the impregnation of γ-Al 2 O 3 pellets with Ni(NO 3 ) 2 solutions of varying concentration. Designed for studying materials with short T 2 values, SPI is based on simultaneous switching on of all three gradients prior to the excitation pulse, decreasing the required preparation time. It thus makes SPI an ideal tool for studying the impregnation of alumina pellets with traces of paramagnetic elements in situ.

Materials and Methods

Alumina pellet impregnation

Trilobe pellets of -alumina with 1.2-1.4 mm diameter and 5-6 mm length were prepared by kneading-extrusion of boehmite powder. Hg porosimetry (Micromeritics Autopore IV) and N 2 isotherm (Micromeritics ASAP 2420) were used to determine the specific surface area, porosity and mean pore size of the alumina to be 200-250 m² g -1 , 0.7-0.9 mL g -1 and 8-11 nm, respectively. The point of zero charge (pzc) was 8 -8.5. The alumina pellets were not submitted to any pre-treatment before impregnation. Ni(NO 3 ) 2 •6H 2 O of  98.5 % purity (Sigma-Aldrich, CAS number 13478-00-7) was used to prepare solutions at the desired concentrations of Ni 2+ ions: 0.05 M, 0.1 M, 0.2 M and 0.3 M. The pH of the prepared solutions varied from 6 to 5.1. Impregnation was conducted by rapidly submerging a semi-dry alumina pellet in a Ni(NO 3 ) 2 aqueous solution of chosen concentration for 30 s. The pellet was then taken out and the excess solution was removed by absorbing paper. The pellet was subsequently transferred into a 5 mm, thick-wall NMR tube having the internal diameter of 2.2 mm. Throughout the article, the samples will be referred to by the Ni 2+ concentration of the impregnating solution. After the MRI experiments, the samples were controlled with an electron microprobe (Jeol 8100 Electron Probe Micro Analyser with an EDS detector) to confirm the homogeneous ion distribution. MRI All experiments were performed at ambient temperature, on a Bruker Avance 300 MHz (7 T) magnet, equipped with a 5 mm micro imaging probe, having the maximum gradient capacity of 2 T m -1 in the x, y and z directions. The SPI pulse sequence was used with a field of view (FOV) of 2.5×2.5×8 mm and 32×32×8 acquisition points, resulting in the voxel size of 0.078×0.078×1 mm. The gradient encoding time, T P , was set to 100 µs with a maximum gradient of 1.4 T m -1 in x and y directions and 0.11 T m -1 in the z direction. An excitation pulse of 90° and 15 µs was used. With the recycle delay, T R , of 5 ms and one repetition per point the total experimental time of 41 s was achieved. As stipulated in the original CTI article [42], the use of long excitation pulse can lead to the blurring of sharp edges in the image and the loss of resolution. To preserve the image quality the pulse duration, T pul , must satisfy:

n T T p pul 2  , ( 1 
)
where n is the number of points in the k-space. For the experimental parameters chosen in this study, T p = 100 µs and n = 32 in x and y directions, the maximum pulse duration is recommended to be 6.25 µs. However, the blurring effect was investigated experimentally and found to be unobservable on the images. In the z direction, where n = 8, the maximum recommended pulse duration is 25 µs. Inversion recovery and CPMG pulse sequences were used to measure the T 1 and T 2 relaxation times, respectively. The 180° pulse was set to 30 µs and the echo time was 400 µs. The measurements were made after homogenous ion distribution was obtained.

Image analysis

An automated procedure was implemented in the Halcon HDevelop image treatment environment to refine the image analysis. In each image (Figure 1a), the ion-rich, bright zone of the pellet was identified by choosing an appropriate threshold (Figure 1b). Subsequently, the unphysical dents and protrusions at the interface were removed (Figure 1c). The radius and the position of the smallest circle encompassing the extrudate were identified (Figure 1d). The value of pixel intensity at the pellet core was measured by taking the minimum value of the 4 pixels adjacent to the center of the circle (Figure 1e).

Results and discussion

As mentioned in the introduction, short transverse relaxation times exclude the use of traditional, spin-echo based imaging pulse sequences. Requirements of pulse length and gradient encoding time, as well as the delays necessary for correct functioning of the spectrometer, set the lower limit of the time required between the excitation pulse and the acquisition at values comparable to or higher than the T 2 of water 1 H in our alumina pellets (Table 1). In practice, the T 2 of the order of a couple of milliseconds leads to nearly complete signal decay before the end of the pulse sequence and gradient encoding, even in the absence of the paramagnetic, metal ions purposefully introduced into the pellet as the catalyst precursors. Single Point Imaging (SPI) is an MRI technique originally designed to study solid-state samples with short transverse relaxation times [42]. Rather than relying on echo techniques, SPI encodes the spatial coordinates by the use of three, simultaneous phase gradients (Figure 2). The gradients are switched on before the excitation pulse, decreasing the evolution period to the values of the order of hundreds of microseconds. Such an approach allows the acquisition of fast-relaxing signal components.

However, the acquisition of a single k-point per excitation results in the increase of the experimental time due to the recycle delay, necessary for complete longitudinal relaxation (related to T 1 ) after each acquisition. Two options can be used to shorten the recycle delay: using a small-angle excitation pulse or allowing T 1 contrast to be introduced into the image. In the current study, the excitation pulse flip angle and the recycle delay were set to 90° and 5 ms, respectively, in order to obtain the strongest T 1 contrast possible.

In the absence of nickel the water protons ( 1 H) experience T 1 of the order of hundreds of milliseconds (Table 1), due to the paramagnetic elements present in the solid support. The presence of nickel ions decreases the T 1 of water 1 H to 19 ms, at the lowest investigated concentration, 0.05 M. In a sense, the nickel ions act as a contrast agent, allowing the observation of the water 1 H signal in their proximity, while the water 1 H signal in other microenvironments is efficiently cancelled, as has been verified by recording images of an alumina pellet impregnated with pure water. The use of a long excitation pulse simultaneously to the incremented magnetic field gradients raises the question of insufficient edge definition because the magnetization corresponding to high k-space values might get attenuated [42]. Indeed, according to Equation 1, the used pulse length, T pul = 15 µs, is longer than recommended. To verify the correctness of the proposed set up, an experiment was conducted with T pul = 5 µs, well below the limit set by Equation 1. No difference between the images recorded with T pul = 15 µs and T pul = 5 µs was observed. It can be explained by the irregular shape of the alumina pellet and a relatively low resolution of the image, compared to the size of the pellet: a pixel on the image corresponds to 0.078x0.078 mm, while the pellet diameter is 1.2 -1.4 mm. Conversely, a significant amount of signal from the microenvironments not containing nickel ions was present in the images recorded with the T pul = 5 µs excitation pulse, decreasing the image contrast.

The current study deals with dynamic phenomena and a minimal total acquisition time was required, with the best possible contrast and SNR. Furthermore, the estimation of uniform distribution in the extrudate was made based on the signal in the centre of the pellet reaching equilibrium, which would be minimally affected by edge blurring. Consequently we have chosen to keep the 90° excitation pulse.

Figure 3 shows the results of the analysis conducted with Halcon HDevelop (Figure 1) for a series of experiments following the ion penetration of Ni 2+ at 0.1 M impregnating solution. Each point corresponds to the signal intensity of a pixel in the middle of the extrudate, averaged over 1 mm thickness in the z direction. Images one and eight were empty in this case, due to the length of the pellet.

For the first 50 minutes there is no change in signal intensity, after which a slope appears, leading to equilibrium at approximately 200 min. This trend is the same in all four inner images, plotted on Figure 3 in green and black. The edge images barely show a change of intensity, starting from a value nearly 30% higher than the inner images. While initially surprising, it can be explained by the impregnation method we used, which implies that the Ni 2+ ions enter into the pellet by the sides, the top and the bottom. The ions entering through the top and the bottom influence the signal in the middle of the edge images even at short times. Concurrently, we observe lower equilibrium intensity for the external slices, due to the pellet placement, illustrated on the legend of Figure 3. The space represented by the edge images does not contain a full 1 mm thickness of the alumina extrudate. The issues, of the top/bottom ion penetration and the pellet positioning in the magnet, become irrelevant if either of the two innermost images, namely four or five on Figure 3, are used for data analysis. Not only do they always contain a full 1 mm of pellet in the z direction, but also they are more than 1 mm away from the top and the bottom of the pellet. Considering homogenous ion penetration from all sides, as alumina structure has no preferential direction, the influence of top and bottom ion penetration is limited to distances smaller than half the pellet radius, 0.6 -0.7 mm, after which the ions should reach uniform distribution throughout the pellet. Consequently, the innermost images are considered henceforth, precluding the influence of the pellet length and exact position on the measurement results. Images, representing an average over 1 mm thickness in the middle of the extrudates are shown in Figure 4. The 1 H signal, which appears as the light grey areas, is only observed in the presence of Ni 2+ ions, providing a fast, visual estimation of the progress of ion penetration into the solid support.

While water molecules penetrate into the core of the pellet immediately, as verified by conventional spin echo imaging, the 1 H signal in the leftmost images in Figure 4, recorded within the first 3 min of ion diffusion, is only visible at the edges of the pellets. The paramagnetic ions are located close to the edge of the pellet, forming a band of a width increasing with increasing ion concentration of the impregnating solution.

Signal intensity of the middle pixel, normalized to the maximum of each series, is also shown in Figure 4. As time elapses, the ions penetrate further in, until the appearance of uniform ion distribution throughout the pellet, leading to the homogenous signal observed on the rightmost images in Figure 4. The ion penetration into the pellet is accompanied by signal intensity increase in the middle pixel, until an equilibrium value. While the signal intensity is related to the ion concentration, this relation is neither linear nor trivial. No concentration information is immediately accessible from the signal intensity.

The impregnation appears to be roughly symmetric, as can be expected from a material that is homogeneous on the scale of the voxel size. The shape of the bright band on the images changes with the ion diffusion time. At the early stage, the band mimics the trilobe shape of the extrudate, however, the penetration from two sides in the lobe leads to a simpler, triangular and circular shape of the inner edge of the band. Irregularities, such as in the beginning of the 0.05 M series (see the top lobe of the pellet in Figure 4), can be explained by the presence of preferential diffusion directions present in some extrudates. The case of the alumina extrudate impregnated with the 0.3 M solution is exceptional. Already at the first measurement, recorded at 1.6 min from the beginning of the immersion in the Ni(NO 3 ) 2 solution, a homogeneous ion distribution throughout the pellet is observed. Due to the sample preparation procedure and the acquisition parameters, it is impossible to reduce the time between the immersion and the first measurement. The time necessary for achieving homogenous ion distribution is estimated in Figure 4. Equilibrium intensity for each series was set to the average value of the last eight measurements, where the signal has reached a plateau (see horizontal lines in Figure 4). The slope of increasing signal intensity was drawn as a guide to the eye. The first image recorded with fully uniform signal (rightmost in Figure 4) was decided to be at or after the intersection of the equilibrium intensity line and the slope. The time of the appearance of homogeneous ion distribution, expressed in minutes from the beginning of the immersion, is plotted in Figure 5, with 0.3 M assumed at the time of the first measurement. A non-linear dependence on the concentration can be seen. Indeed a roughly ten-fold time decrease from concentration to concentration is observed (Table 2). The solutions' pH being lower than the alumina pzc, it renders the alumina surface positively charged, repulsing the ions and facilitating their passage into the pellet. Decreasing the pH with increasing ion concentration will increase the positive charge of the alumina, enhancing this effect. Additionally, higher ion concentration entails higher diffusion driving force. Both mechanisms will decrease the time required to achieve uniform distribution, when millimeter-size pellets are used. Whereas it is not trivial to quantify the influence of those two mechanisms, as well as van der Waals interactions or covalent binding of ions to the surface, the findings presented in this paper are of important consequence in the preparation of catalysts. While homogeneous impregnation can be achieved with salt solutions of as little concentration as 0.05 M, it is clearly convenient to increase the concentration to 0.2 M, the homogenous ion concentration to occur in a time of the order of minutes: the timescale of large-volume impregnation. Because the ion concentrations used in the HDS catalysts are higher than 0.3 M no additional waiting time for homogeneous impregnation is necessary in the catalyst preparation process.

To our knowledge no complete investigation following the ion penetration into the pellet, at different ion concentrations, has been conducted. Few studies of the duration of the impregnation process in general are found in the literature [30] and among them, the impregnation of a 3.85 mm diameter alumina pellet with Ni 2+ at the concentration of 0.5 M [31]. Authors report complete penetration of the pellet with the ions within 30 min and fully homogenous impregnation in an hour. However, already at 5 min of the impregnation time, a band comparable to our sample's diameter is homogeneously impregnated, insofar as can be deduced from the images. Our results remain in satisfactory agreement with the study of Espinosa-Alonso et al. Although we expect slightly faster ion penetration at the Ni 2+ concentration of 0.5 M, the use of different alumina support prevents a thorough comparison of both experiments. The influence of the impregnation method also remains an open question as immersing an extrudate in a salt solution leaves little control over the amount of ions introduced into the solid support.

A systematic study of pellets with different specific surface areas and with different immersion times could shed light on this issue. However, it is beyond the scope of the current study, which should be considered as a proof of concept. It must be added that the sample preparation with calculated solution content would be impractical in the case of pellets as small as 1.2 mm diameter and a couple of millimeters long. The solution volume necessary to fill the entirety of the pores in such a pellet is of the order of microliters, making a homogeneous impregnation difficult to achieve at timescales allowing in situ visualization of ion diffusion.

Conclusions

We have successfully used a solid state MRI pulse sequence, Single Point Imaging (SPI) for recording the signal of the water 1 H in the presence of paramagnetic elements. Although the experimental times are longer than for spin echo based sequences at equivalent image resolution, such an approach opens the possibilities for studying catalyst preparation in cases of fast relaxing NMR signal. It also shows that T 1 contrast can be used equivalently to T 2 contrast for differentiating between the environments with and without the impregnating, paramagnetic ions, such as Ni 2+ and Co 2+ . The obtained results show that already at a concentration as low as 0.05 M Ni 2+ a homogeneous ion distribution can be achieved in an alumina support with a high specific surface area and porous volume. However, in terms of HDS catalyst preparation, it is advantageous to reach homogeneous ion distribution times shorter than the duration of the impregnation process. Here, for the 1.2 mm diameter and 5-6 mm length pellets used, such short time was reached already at the concentration of 0.2 M Ni 2+ . Further increasing the ion concentration leads to nearly instantaneous, homogeneous ion distribution. Consequently, in catalyst preparation, where the concentrations higher than 0.3 M are used, no question of homogeneity needs to be posed.

Tables and figure captions

Table 1 The T 

Figure 1

 1 Figure 1 Images illustrating the steps of the analysis performed in Halcon HDevelop: a) a raw image obtained from the spectrometer; b) choosing a threshold to discriminate the signal from noise; c) removing the unphysical dents on the pellet surface; d) finding the smallest circle encompassing the pellet; e) finding the 4-pixel middle of the circle, from which the minimum will be chosen to estimate the signal intensity.

Figure 2

 2 Figure 2 Single Point Imaging (SPI) pulse sequence. All three gradients (grad) are applied prior to the 90° radio frequency (RF) pulse. A single point is acquired after a constant gradient encoding time T P , marked by a circle. The sequence is repeated, with the repetition time T R , for the number of times equivalent to the number of points.

Figure 3

 3 Figure 3 Relative signal intensity in the center of the pellet, normalized to the maximum intensity value of the whole dataset, presented as a function of ion diffusion time, for an alumina pellet impregnated with 0.1 M Ni 2+ . The results from the edge images are plotted in red, the middle images in green and the innermost images in black (images 1 and 8 were empty in this case). A schematic drawing of the pellet positioning relative to the image definitions is included with the legend.

Figure 4

 4 Figure 4 Relative signal intensity, normalized for each series, in the center of the pellet as a function of ion diffusion time. The concentration on the left indicates the Ni2+ solution in which the pellet was impregnated. The images corresponding to 1 mm pellet thickness in the middle of the pellet, rescaled for the sake of presentation, show the progression of ions inside the pellet. The images were recorded at the times marked with squares on the relative intensity graphs. The

Figure 5

 5 Figure 5 Time necessary to achieve a homogeneous ion distribution, in minutes, as a function of ion concentration of the impregnating solution. The values for 0.05, 0.1 and 0.2 M were taken from the estimation presented in Figure 4, while the value for 0.3 M is the time of the first image: 1.6 min.

Figure

  Figure

1 and T 2 values for water 1 H nuclei, observed in the γ-alumina pellets at different Ni 2+ concentrations of the impregnating solution. The measurements were made on homogeneously impregnated pellets.

  

	Ni 2+ (M)	T 1 (ms)	T 2 (ms)
	0	344	2.6
	0.05	19	2
	0.1	10.3	1.45
	0.2	6.6	1
	0.3	3.9	0.73

Table 2 The time, in minutes, required for obtaining a homogeneous ion distribution throughout the pellet for the concentrations investigated. *time of the first measurement, showing homogeneous ion distribution

 2 

	Ni 2+ (M)	0.05	0.1	0.2	0.3
	Time (min)	1972	186	15	1.6*
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